Journal  of  Power  Sources  203  (2012)  103-108 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


in 

SllbaidtS 


Mechanism  on  exothermic  heat  of  FeF3  cathode  in  Li-ion  batteries 

Mingjiong  Zhou3  *,  Liwei  Zhaob,  Ayuko  Kitajoub,  Shigeto  0kadab,  Jun-ichi  Yamakib 

a  Interdisciplinary  Graduate  School  of  Engineering  Sciences,  Kyushu  University,  6-1  Kasaga-koen,  Kasuga  816-8580,  Japan 
h  Institute  for  Materials  Chemistry  and  Engineering,  Kyushu  University,  6-1  Kasaga-koen,  Kasuga  816-8580,  Japan 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  29  October  201 1 

Received  in  revised  form  7  December  2011 

Accepted  8  December  2011 

Available  online  17  December  2011 


Keywords: 

FeF3 

Cathode 

Exothermic  heat 
Mechanism 
Lithium-ion  battery 


To  identify  the  mechanism  of  exothermic  reactions  of  cycled  FeF3  electrodes  in  an  electrolyte  with  tem¬ 
perature  ramp-up,  the  structure  and  thermal  behavior  of  cycled  FeF3  electrodes  were  investigated  using 
a  combination  of  XRD  and  DSC.  The  combination  of  XRD  and  DSC  revealed  that  FeF3  can  be  restored 
and  the  electrochemical  was  reversible  even  after  the  conversion  reaction.  In  the  discharged  electrodes, 
a  structural  transformation  to  LiFeF3  was  observed  after  1  Li  insertion,  and  two  compounds  (LiF  and  Fe 
metal)  were  formed  during  the  conversion  reaction.  Accordingly,  the  differences  of  thermal  behavior  in 
the  electrolyte  were  presented  in  the  DSC  curves.  It  was  clear  that  no  reaction  occurred  between  LiF  and 
the  electrolyte  at  elevated  temperatures.  In  contrast,  Fe  powder  was  found  to  react  with  the  electrolyte 
at  around  300  °C,  indicating  that  Fe  metal  generated  in  the  electrode  had  a  direct  effect  on  the  thermal 
behavior  of  the  discharged  FeF3  electrode.  Moreover,  Fe  powder  was  found  to  react  with  PF5  produced 
by  LiPF6  decomposition.  The  mixture  of  discharged  FeF3  electrode  and  electrolyte  showed  less  heat  gen¬ 
eration  than  the  electrolyte  alone  because  some  PF5  was  consumed  by  the  generated  Fe  metal  in  the 
electrode. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium-ion  batteries  with  high  energy  density 
and  potential  have  been  used  in  a  wide  variety  of  portable  elec¬ 
tronic  devices.  They  are  now  being  investigated  as  possible  power 
sources  for  hybrid  electric  vehicles  and  electric  vehicles  [1-6].  How¬ 
ever,  the  use  of  Li-ion  batteries  in  this  application  has  been  limited 
due  to  safety  concerns  associated  with  the  thermal  stability  of  their 
constituent  materials  [2-9].  Exothermic  reactions  such  as  the  reac¬ 
tion  between  electrode  and  electrolyte  and  the  decomposition  of 
electrolyte  in  the  battery  can  cause  thermal  runaway  if  the  heat  out¬ 
put  exceeds  the  thermal  diffusion  [9,10].  A  number  of  researchers 
have  performed  experiments  on  individual  electrodes  in  electrolyte 
to  propose  possible  mechanism  of  the  exothermic  reactions  at 
elevated  temperatures  by  using  differential  scanning  calorimetry 
(DSC)  [1-6]  and  accelerated  rate  calorimetry  (ARC)  [11-15]. 

The  3d-transition-metal  binary  compounds  MxXy  (M  =  Co,  Cu, 
Fe,  etc.;  X  =  F,  O,  S,  etc.)  have  been  extensively  studied  as  electrode 
materials  for  Li-ion  batteries.  Tarascon’s  group  first  revealed  that 
these  materials  attained  the  highest  specific  capacities  by  utilizing 
all  the  possible  oxidation  states  of  compound  during  the  redox  cycle 
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[16].  This  can  be  done  by  way  of  a  reversible  conversion  reaction  of 
the  form 

MxXy  +  nyLi  ^yLinX  +  xM  (1) 

Among  these  MxXy  materials,  metal  fluorides  can  be  used  as 
alternative  cathode  materials  for  Li-ion  batteries  because  of  the 
high  voltages  due  to  their  highly  ionic  character  [17-25].  Metal 
fluorides  enable  the  highest  specific  capacity  via  the  reversible  con¬ 
version  process  through  the  following  reaction  scheme  [17,18]: 

xLi+  -\-xe~  +  MeFx^xLiF  +  Me  (2) 

However,  metal  fluorides  have  poor  electronic  conductivity  due 
to  their  wide  energy  gap.  To  overcome  this  problem,  highly  con¬ 
ductive  carbon  such  as  acetylene  black  was  mixed  with  the  metal 
fluorides  by  ball-milling  to  enhance  the  electrochemical  activ¬ 
ity  and  achieve  satisfied  reversibility  during  cycling.  In  the  case 
of  FeF3,  the  discharged  capacity  of  80  mAh g-1  between  2.0  and 
4.5  V  involved  in  the  Fe3+/Fe2+  redox  reaction  was  first  reported 
by  Arai  et  al.  [19].  By  using  highly  conductive  carbon,  the  elec¬ 
trochemical  activity  was  improved,  and  about  99%  of  the  FeF3 
theoretical  capacity  (235  vs.  237  mAh  g-1)  in  the  2.0-4.5  region 
was  achieved  [5,20-24].  Amatucci’s  group  subsequently  demon¬ 
strated  a  reversible  conversion  of  FeF3  electrodes  with  appreciable 
energy  capacity  [  1 7,1 8,22 ].  They  have  proposed  the  following  reac¬ 
tion  schemes: 

FeF3  +  Li  -*  LiFeF3  (4.5-2.5V)  (3) 
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LiFeF3  +  2Li  -*  3LiF  +  Fe  (2. 5-1. 5  V)  (4) 

In  the  region  of  4.5-2. 5  V  (Eq.  (3)),  Li-ions  are  inserted  into 
the  FeF3  framework  to  form  a  LiFeF3  phase.  This  process  appears 
to  be  fully  reversible,  because  FeF3  adopts  a  perovskite  structure, 
which  contains  vacant  sites  available  for  Li-ion  insertion.  In  the 
subsequent  step  (Eq.  (4)),  LiFeF3  decomposes  to  form  LiF  and  Fe 
metal,  which  are  on  the  scale  of  2-5  nm  [18].  This  enables  high 
specific  capacities  of  FeF3  approaching  700  mAh  g-1  at  energy  den¬ 
sities  exceeding  1200Whkg_1,  which  provides  an  avenue  to  a 
high-specific-capacity  cathode  in  applications  for  Li-ion  batteries. 
However,  this  outstanding  specific  capacity  of  a  FeF3  mixed  with 
highly  conductive  carbon  was  only  attainable  at  mild  operating 
conditions  of  low  current  density  and  elevated  temperature.  To 
improve  the  electrochemical  activity  of  the  FeF3  cathode  for  further 
practical  applications,  a  new  hierarchical  nanostructure  composed 
of  FeF3  nanoparticles  and  carbon  nanotubes  (CNTs)  was  fabricated 
by  Kim  et  al.  [25],  and  this  CNT-FeF3  composite  showed  superior 
electrochemical  performance  at  a  high  current  rate.  Due  to  the  out¬ 
standing  improvement  of  the  electrochemical  performance,  FeF3 
becomes  an  attractive  cathode  material  for  vehicle  power  supply. 

From  the  point  of  practical  application,  the  thermal  stability 
of  the  FeF3  cathode  must  be  investigated  because  it  is  crucial  for 
the  safety  of  Li-ion  batteries.  We  previously  studied  the  thermal 
stability  of  FeF3  electrodes  via  the  insertion  or  conversion  reac¬ 
tion  using  differential  scanning  calorimetry  (DSC)  [5,6].  For  the 
cycled  FeF3  electrodes  via  the  insertion  or  conversion  reaction,  both 
charged  and  discharged  electrodes  decomposed  at  high  temper¬ 
atures  above  300  °C,  indicating  that  the  FeF3  electrode  had  great 
thermal  stability  at  elevated  temperatures.  In  addition,  the  ther¬ 
mal  stability  of  FeF3  electrodes  in  a  1  M  LiPF6/EC  +  DMC  electrolyte 
was  studied  by  changing  the  ratio  of  cycled  electrode  to  electrolyte. 
As  a  result,  differences  of  the  thermal  behavior  in  the  electrolyte 
between  charged  and  discharged  FeF3  electrodes  were  observed. 
The  charged  electrodes  via  the  insertion  or  conversion  reaction 
gave  similar  thermal  behavior  in  the  electrolyte  at  elevated  tem¬ 
peratures.  For  the  discharged  FeF3  electrodes,  the  thermal  stability 
of  discharged  FeF3  electrodes  in  the  electrolyte  increased  after  the 
conversion  reaction.  This  different  thermal  behavior  for  the  elec¬ 
trode  would  normally  be  attributed  to  the  variation  of  the  electrode 
composition,  but  the  heat  generation  of  the  mixtures  of  the  cycled 
FeF3  electrodes  and  electrolyte  was  smaller  than  the  electrolyte 
alone.  Furthermore,  it  was  found  that  the  FeF3  electrode  showed 
better  thermal  stability  than  the  LiFeP04  electrode  in  the  elec¬ 
trolyte. 

To  study  the  mechanism  of  exothermic  reactions  of  cycled  FeF3 
electrodes  in  the  electrolyte,  in  combination  with  the  previous 
research,  the  cycled  FeF3  electrodes  were  characterized  using  X-ray 
diffraction  (XRD),  and  relative  reference  DSC  measurements  were 
carried  out  in  this  study. 

2.  Experimental 

Commercially  available  FeF3  (d50%  =  12  pan,  Soekawa  Chemi¬ 
cal  Co.)  was  used.  The  cathode  was  prepared  by  using  the  FeF3, 
acetylene  black  and  PTFE-binder  (70:25:5 wt%).  The  fabrication 
method  of  pellets  and  FeF3-cell  construction  were  the  same  as 
described  in  the  experimental  sections  of  Refs.  [5,6].  For  1  Li 
insertion,  the  assembled  cell  was  cycled  at  a  constant  current  den¬ 
sity  of  0.2  mA  cm-2  (ca.  7.5  mAg-1)  with  an  ending  capacity  of 
237  mAh  g-1  (theoretical  capacity  of  FeF3 ).  For  the  2Li  or  3Li  conver¬ 
sion,  the  charge-discharge  measurements  were  the  same  as  in  the 
previous  report  [6].  After  charge  and  discharge,  the  cells  were  dis¬ 
sembled  in  an  Ar-filled  glove  box.  The  cathodes  were  washed  and 
dried  following  previously  described  methods  [5,6].  The  obtained 
electrodes  were  used  for  DSC  and  XRD  measurements. 


Capacity  (mAh  g'1) 

Fig.  1.  Charge  and  discharge  curves  of  a  FeF3  electrode  in  1  M  LiPF6/EC  +  DMC  elec¬ 
trolyte:  (a)  3Li  cycling:  (b)  2Li  cycling;  (c)  Hi  cycling. 

Similar  to  the  test  electrodes,  thermal  analysis  of  commercially 
available  Fe  powder  (lOOnm  dia.,  Japan  Ion  Co.)  and  LiF  powder 
(Wako  Pure  Chemical  Industries,  Ltd.)  were  carried  out  by  DSC.  All 
the  samples  for  DSC  measurements  were  prepared  in  an  Ar-filled 
glove  box.  The  powder  together  with  the  electrolyte  was  packed  in 
a  crimp-sealed  stainless  pan,  and  then  heated  from  room  temper¬ 
ature  to  500  °C  at  a  heating  rate  of  5°Cmin-1.  The  TG  signal  was 
monitored  simultaneously  during  data  collection  to  confirm  that 
the  pan  was  hermetic. 

To  analyze  the  structure  changes  during  cycling,  the  cycled  elec¬ 
trodes  were  characterized  by  XRD  (Rigaku  RA-HF/18TTR3)  utilizing 
Cu  Ka  radiation.  A  range  of  20  values  from  10  to  80°  with  a  scan¬ 
ning  rate  of  0.06°  min-1  and  a  step  size  of  0.02°  was  applied.  For 
comparison,  a  fresh  electrode  (tested  before  making  a  coin  cell)  was 
also  probed  using  the  same  method.  All  the  samples  were  under  Ar 
atmosphere  during  the  transfer  and  XRD  measurements. 

3.  Results  and  discussion 

The  electrochemical  performance  of  the  FeF3  electrodes  was  car¬ 
ried  out  using  the  coulostatic  method,  and  the  charge-discharge 
profiles  are  shown  in  Fig.  1.  The  cutoff  capacities  were  set  as  237, 
474  and  711  mAhg-1,  respectively,  corresponding  to  stoichiomet- 
rical  1  Li,  2Li  and  3Li  insertion  into  the  FeF3  electrodes.  For  1  Li 
insertion,  a  flat  plateau  at  3.3  V  was  observed  followed  by  a  volt¬ 
age  drop  to  1 .8  V  started  at  the  capacity  of  200  mAh  g-1 ,  involving 
the  Fe3+/Fe2+  reduction  reaction  in  this  range  (Eq.  (3)).  After  that, 
the  voltage  mildly  decreased  to  1.1  V  along  with  the  capacity  of 
711  mAhg-1,  which  was  involved  in  the  reduction  of  Fe2+  to  Fe° 
(Eq.  (4)).  No  voltage  drop  was  visible  in  this  range,  indicating  that 
the  transfer  process  from  Fe2+  to  Fe°  proceeded  in  a  straightfor¬ 
ward  two-phase  conversion  reaction.  The  electrochemical  behavior 
of  the  FeF3  electrode  was  quite  similar  to  the  behavior  found  by 
Yamakawa  as  well  that  in  our  previous  report  [5,24],  although 
a  different  cycling  method  was  used  in  these  studies.  However, 
compared  with  Yamakawa’s  result,  the  first  plateau  at  3.3  V  in  the 
discharge  curve  was  much  flatter  in  our  studies,  presumably  due 
to  the  different  processes  used  to  prepare  the  carbon-FeF3  com¬ 
posites,  such  as  the  FeF3 /carbon  ratio  and  ball-milling  conditions. 
Additionally,  the  operating  voltage  was  found  to  be  close  in  both 
of  these  two  studies,  but  was  lower  than  that  reported  by  Badway 
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Fig.  2.  XRD  patterns  of  charged  FeF3  electrodes  at  various  cycling  depths:  (a)  after 
Hi  cycling:  (b)  after  2Li  cycling:  and  (c)  after  3Li  cycling.  The  XRD  reflection  of  the 
PTFE  peak  is  marked  by  solid  circle  points. 

et  al.  [21,22].  This  phenomenon  was  probably  due  to  the  different 
temperature  used  in  the  studies,  as  suggested  by  Yamakawa  et  al. 
[24].  For  the  charge  process,  no  noticeable  plateau  was  observed, 
and  the  voltage  profile  was  different  from  the  discharge  curve. 

From  the  point  of  application,  FeF3  used  as  the  active  material  of 
the  cathode  in  rechargeable  Li-ion  battery  should  be  reversible  after 
the  charge  process.  Therefore,  the  structure  of  charged  electrodes 
at  different  depths  was  examined  by  XRD.  Fig.  2  shows  the  XRD 
patterns  of  charged  FeF3  electrodes  after  various  cycling  depths, 
with  the  XRD  pattern  of  a  fresh  electrode  used  as  a  reference.  The 
XRD  patterns  of  the  charged  electrodes  were  similar  to  that  of  the 
fresh  sample.  This  observation  indicated  that  the  inserted  Li-ions 
were  almost  fully  extracted  from  the  electrodes,  and  FeF3  could 
be  restored  at  the  end  of  charging,  which  was  consistent  with  the 
suggestion  by  Doe  et  al.  [26].  This  result  combined  with  capacity 
data  proved  that  the  electrochemical  reaction  of  the  FeF3  elec¬ 
trodes  was  reversible.  Upon  closer  comparison,  the  XRD  patterns 
of  the  charged  electrodes  exhibited  some  minor  changes  from  the 
fresh  one.  All  of  the  reflections  for  the  charged  samples  became 
broader  and  weaker,  indicating  that  the  crystalline  phase  tended 
to  deteriorate,  perhaps  due  to  formation  of  small  particles  during 
cycling.  Additionally,  the  most  intense  reflection  at  20  =  24°,  corre¬ 
sponding  to  the  (10  2)  peak  of  the  FeF3  phase,  slightly  shifted  to 
a  higher  angle  and  decreased  in  intensity  with  the  increase  of  the 
cycling  depth.  The  peak  shift  was  probably  caused  by  the  structural 
shrinkage  of  the  FeF3  framework  or  formation  of  a  defect  trirutile 
structure  instead  of  the  rhombohedral  structure  as  Doe  supposed 
[26].  In  summary,  it  was  clear  that  FeF3  can  be  restored  after  the 
charge  process,  but  structural  changes  presumably  occur.  Similar 
results  could  be  obtained  from  the  data  of  DSC  analysis.  Fig.  3  shows 
the  DSC  curves  of  mixtures  of  1  mg  charged  electrodes  at  various 
depths  and  4  pd  electrolyte  (the  data  of  the  electrode  in  conver¬ 
sion  states  has  been  published  previously  [6] ).  The  exothermic  peak 
was  observed  in  the  range  of  210-300  °C  due  to  the  reaction  of  the 


Fig.  3.  DSC  curves  of  mixtures  of  4  |jl1  electrolyte  and  charged  FeF3  electrodes.  The 
electrodes  were  carried  out  at  various  cycling  depths:  (a)  after  1  Li  cycling:  (b)  after 
2Li  cycling:  and  (c)  after  3Li  cycling. 

electrode  with  electrolyte  and  the  electrolyte  decomposition  [5,6]. 
Flowever,  we  found  that  the  exothermic  peak  became  much  milder 
and  the  temperature  range  of  the  exothermic  reaction  tended  to  be 
wider  with  the  increase  of  the  cycling  depth.  As  expected,  this  was 
probably  because  the  structure  of  charged  electrodes  changed  with 
the  increase  of  the  cycling  depth. 

In  layered  compounds  (such  as  LiCo02),  lithium  is  stored 
between  the  layers  and  lithium  intercalation  and  deintercala¬ 
tion  occur  during  the  charge-discharge  cycles  without  significant 
structural  change  [27].  Flowever,  3d-transition-metal  binary  com¬ 
pounds  (such  as  FeF3)  have  a  perovskite  structure,  which  is  easily 
changed  after  lithium  insertion,  particularly  during  the  conversion 
reaction.  To  trace  the  structural  evolution  during  the  discharge  pro¬ 
cess,  the  discharged  FeF3  electrodes  were  investigated  by  XRD. 

Fig.  4  shows  the  XRD  patterns  of  the  discharged  FeF3  electrodes 
at  various  discharge  depths,  together  with  the  XRD  pattern  of  a 
fresh  electrode  as  a  reference.  After  discharged  to  1  Li,  the  reflec¬ 
tions  of  (0  2  4),  (1  04)  and  especially  (1  0  2)  dramatically  decreased 
in  intensity,  and  shifted  to  a  lower  angle.  At  the  same  time,  two 
obvious  peaks  at  26  =  40  and  53°  were  observed  in  the  XRD  pattern, 
as  shown  in  Fig.  4a.  Upon  closer  comparison,  the  peak  at  20  =  40° 
was  found  to  be  almost  in  the  same  position  as  the  (113)  peak 
at  20  =  40.5°,  but  was  much  more  distinct  in  intensity.  Regarding 
the  peak  at  20  =  53°,  there  was  no  peak  in  the  XRD  pattern  of  the 
fresh  sample  directly  corresponding  to  it,  except  for  the  near  peak 
of(l  1  6)  at  20  =  54.5°.  Yamakawa  etal.  [24]  reported  that  the  reflec¬ 
tions  of  (1 1  3)  and  (116)  gradually  shifted  to  similar  positions  as 
those  we  found  during  Li  insertion  to  Li  =  1.0.  Therefore,  the  peaks 
at  20  =  40  and  53°  in  the  present  study  should  come  from  the  reflec¬ 
tions  of  (1 1  3)  and  (116),  respectively.  Additionally,  the  peak  shift 
of  (1 1  6)  was  larger  than  that  of  (1 1  3),  suggesting  an  anisotropical 
crystal  lattice  in  the  perovskite  structure  of  FeF3.  All  of  the  observed 
changes  can  be  attributed  to  Li  insertion  accompanied  by  formation 
of  LiFeF3.  When  the  discharge  depth  increased  to  2Li  and  3Li,  the 
reflections  at  20  =  40  and  53°  gradually  decreased,  but  remained 
till  Li  =  3.0,  indicating  that  there  was  still  a  small  amount  of  the 
LiFeF3  phase  left  even  after  3Li  conversion.  Simultaneously,  two 
new  reflections,  which  were  identified  as  LiF  and  Fe  metal,  became 
visible  in  the  XRD  patterns  as  expected.  With  the  increase  of  the 
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Fig.  6.  DSC  curves  of  (a)  1  mg  LiF,  (b)  1  julI  of  1  M  LiPF6/EC  +  DMC  electrolyte  and  (c) 
mixture  of  1  mg  LiF  and  1  (jlI  of  1  M  LiPF6/EC  +  DMC. 


Fig.  4.  XRD  patterns  of  discharged  FeF3  electrodes  at  various  discharge  depths:  (a) 
after  Hi  insertion;  (b)  after  2Li  conversion;  and  (c)  after  3Li  conversion.  The  XRD 
reflection  of  the  PTFE  peak  is  marked  by  solid  circle  points. 

discharge  depth,  the  reflections  of  LiF  and  Fe  metal  were  found 
to  significantly  grow  in  intensity.  This  observation  was  consistent 
with  the  electrochemical  reaction  involved  in  reduction  from  Fe2+ 
to  Fe°.  It  should  be  pointed  out  that  the  sharp  peak  at  20  =  1 8°  in  the 
XRD  pattern  for  Li  =  2.0  was  caused  by  the  concentration  of  PTFE. 

The  variation  of  the  composition  of  discharged  FeF3  electrodes 
was  also  reflected  from  the  thermal  behavior  of  the  discharged  elec¬ 
trodes  in  the  electrolyte.  Fig.  5  compares  the  DSC  curves  of  the 
discharged  FeF3  electrodes  at  various  depths  (1  mg)  in  the  elec¬ 
trolyte  (4  pi),  while  the  data  of  the  electrode  in  conversion  states 


Fig.  5.  DSC  curves  of  mixtures  of  4  pi  electrolyte  and  discharged  FeF3  electrodes. 
The  electrodes  were  carried  out  at  various  discharge  depths:  (a)  after  1  Li  insertion; 
(b)  after  2Li  conversion;  and  (c)  after  3Li  conversion. 


has  been  reported  previously  [6].  Obviously,  the  differences  of  ther¬ 
mal  behavior  were  distinct  for  the  discharged  electrodes  between 
the  insertion  and  conversion  states.  A  dominant  exothermic  peak 
was  found  to  shift  from  270  to  290  °C,  although  all  of  the  peaks 
were  due  to  the  reaction  of  the  electrode  with  electrolyte  and  the 
electrolyte  decomposition  [5,6].  Moreover,  the  dominant  exother¬ 
mic  peak  decreased  with  the  increase  of  the  discharge  depth.  The 
observed  differences  were  likely  related  to  the  variation  in  the 
composition  of  electrode  during  the  discharge  process,  because  the 
composition  of  electrode  transformed  from  LiFeF3  to  Fe  metal  and 
LiF,  as  detected  by  XRD.  This  assumption  is  examined  by  a  detailed 
analysis  on  the  thermal  behavior  of  LiF  and  Fe  metal  below. 

To  identify  the  effect  of  the  composition  of  discharged  FeF3  elec¬ 
trodes  on  their  thermal  stability,  the  thermal  behavior  of  LiF  and  Fe 
powder  in  1  M  LiPF6/EC  +  DMC  electrolyte  was  investigated  in  detail 
by  DSC  with  the  same  method  as  the  FeF3  electrodes.  Fig.  6  shows 
the  DSC  curves  of  LiF  powder,  the  electrolyte  and  mixture  of  LiF 
powder  and  the  electrolyte.  No  noticeable  peak  was  observed  for 
LiF  powder  up  to  500  °C,  indicating  that  the  LiF  powder  had  a  great 
thermal  stability  at  elevated  temperatures.  When  1  mg  LiF  powder 
mixed  with  1  pi  of  electrolyte  was  sealed  in  a  pan,  an  exothermic 
peak  at  around  272  °C  was  observed,  and  the  heat  value  was  evalu¬ 
ated  as  0.59  J  by  integrating  the  DSC  curve.  The  thermal  behavior  of 
the  mixture  was  quite  similar  to  that  of  the  1  pi  electrolyte,  includ¬ 
ing  the  peak  shape  and  peak  position,  and  even  the  heat  value  was 
almost  the  same.  Therefore,  the  exothermic  peak  at  around  272  °C 
was  caused  by  the  electrolyte  decomposition,  rather  than  the  reac¬ 
tion  of  LiF  with  electrolyte,  suggesting  that  no  reaction  occurred 
between  LiF  and  the  electrolyte  even  at  elevated  temperatures. 

Our  group  reported  the  thermal  characteristics  of  FeF3  elec¬ 
trodes  in  conversion  states  with  the  electrolyte  at  elevated 
temperatures  [6].  The  amount  of  Fe  metal  in  the  electrode  was 
estimated  to  be  ca.  0.3  mg  based  on  1  mg  of  discharged  FeF3  elec¬ 
trode  in  the  conversion  state.  Moreover,  the  Fe  metal  generated  in 
the  discharged  electrode  after  the  conversion  reaction  has  a  rather 
small  particle  size.  Therefore,  0.3  mg  of  nano-sized  Fe  powder  was 
used  for  the  reference  analysis.  Fig.  7  shows  the  DSC  curves  of  mix¬ 
tures  of  0.3  mg  Fe  powder  and  given  amounts  of  electrolyte  ( ranging 
from  0.5  to  5  pi).  The  DSC  curve  of  0.3  mg  Fe  powder  is  also  pre¬ 
sented  in  Fig.  7.  When  the  amount  of  coexisting  electrolyte  was 
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Fig.  7.  DSC  curves  of  (a)  0.3  mg  of  Fe  powder  and  of  mixtures  of  0.3  mg  Fe  pow¬ 
der  and  (b)  0.5  pi,  (c)  1  pi,  (d)  2  pi,  (e)  2.5  pi,  (f)  3  pi,  (g)  4  pi  and  (h)  5  pi  of  1  M 
LiPF6/EC  +  DMC  electrolyte. 

0.5  and  1  |jl1,  no  obvious  exothermic  heat  was  observed  from  the 
DSC  curves,  even  up  to  500  °C.  Only  some  small  thermal  fluctua¬ 
tions  were  detected  at  around  300  °C,  and  the  heat  values  were 
evaluated  to  be  0.08  and  0.23  J,  respectively.  When  the  amount  of 
electrolyte  increased  from  2  to  3  |xl,  an  overlapped  peak  at  around 
300  °C  became  distinct  and  slightly  shifted  to  a  lower  temperature. 
Compared  to  the  results  of  the  electrolyte  [4,5],  the  peak  tem¬ 
perature  was  much  higher  and  the  heat  value  was  much  less.  In 
addition,  no  noticeable  peak  was  found  in  the  DSC  curve  of  pris¬ 
tine  Fe  powder  as  shown  in  Fig.  7a.  Flence,  the  exothermic  peak 
at  around  300  °C  was  involved  in  the  reaction  between  Fe  powder 
and  electrolyte.  With  a  further  increase  of  the  coexisting  electrolyte 
from  3  to  4  and  5  jjlI,  the  two  overlapped  peaks  became  closer,  and 
shifted  downwards  to  290  °C.  The  heat  values  were  evaluated  as 
1.50  and  2.1 0J  when  the  amount  of  coexisting  electrolyte  was  4 
and  5  jjlI,  respectively.  At  this  time,  electrolyte  decomposition  was 
suspected  to  occur  in  addition  to  the  reaction  between  Fe  powder 
and  electrolyte.  On  the  other  hand,  comparing  Fig.  7  with  the  results 
obtained  from  the  discharged  FeF3  electrode  in  the  conversion  state 
with  the  electrolyte  [6],  the  DSC  curves  were  found  to  be  similar: 
(1 )  the  variational  tendency  of  the  exothermic  peaks  was  quite  sim¬ 
ilar  when  the  ratio  of  electrolyte  to  active  material  was  altered;  (2) 
the  exothermic  reactions  occurred  in  the  same  temperature  range. 
Consequently,  it  was  clear  that  Fe  metal  generated  in  the  electrode 
at  the  conversion  state  had  a  direct  effect  on  the  thermal  behavior 
of  the  discharged  FeF3  electrode. 

Fig.  8  compares  the  heat  values  obtained  from  the  mixtures 
of  0.3  mg  Fe  powder  and  given  amounts  of  electrolyte  and  from 
the  electrolyte  alone.  The  heat  values  in  Fig.  8  were  evaluated  by 
integrating  DSC  curves  in  the  range  of  250-360  °C,  because  the 
dominant  exothermic  reactions  occurred  in  this  range.  The  heat 
values  obtained  from  the  mixtures  of  0.3  mg  Fe  powder  and  given 
amounts  of  electrolyte  are  marked  with  the  circle  points,  while  the 
heat  values  of  electrolyte  are  shown  by  square  points.  For  compar¬ 
ison,  the  data  of  1  mg  discharged  FeF3  electrode  in  the  conversion 
state  together  with  given  amounts  of  the  electrolyte,  which  was 
reported  previously  [6],  is  marked  with  triangle  points  and  shown 
in  Fig.  8.  Linear  fitting  was  carried  out  by  the  least-squares  method. 
For  the  heat  values  of  the  mixtures  of  Fe  powder  and  electrolyte,  the 


Fig.  8.  Correlation  between  the  heat  values  obtained  for  the  mixtures  and  the 
amount  of  electrolyte  sealed  in  a  pan.  The  heat  values  were  evaluated  by  integrating 
DSC  curves  at  temperatures  ranging  from  250  to  360  °C.  The  dashed  lines  represent 
the  tendency  of  heat  generation  from  the  mixtures  of  1  mg  discharged  FeF3  electrode 
in  the  conversion  state  and  electrolyte. 

slope  of  the  lines  changed  at  a  break  point  on  the  electrolyte  amount 
of  2.5  pT.  This  observation  indicated  that  the  dominant  exothermic 
reaction  of  the  mixtures  was  different  before  and  after  the  break 
point.  When  the  amount  of  coexisting  electrolyte  was  more  than 
2.5  julI,  the  slope  of  the  line  for  the  mixtures  was  almost  equal  to 
that  of  the  electrolyte  alone.  This  result  suggested  that  the  amount 
of  coexisting  electrolyte  was  excess,  and  then  thermally  decom¬ 
posed,  which  confirmed  the  reasoning  for  Fig.  7.  In  contrast,  the 
electrolyte  was  not  sufficient  when  the  amount  of  electrolyte  was 
less  than  2.5  pi  As  a  result,  some  of  the  Fe  powder  remained  from 
the  reaction  with  electrolyte,  and  the  exothermic  heat  was  lim¬ 
ited  by  the  amount  of  electrolyte.  Additionally,  the  heat  values  of 
the  mixtures  were  much  smaller  than  those  of  the  electrolyte  itself 
because  of  the  reaction  of  Fe  powder  with  the  electrolyte.  On  the 
other  hand,  the  variation  trend  of  heat  values  for  the  Fe  powder 
coexisting  with  the  electrolyte  was  quite  similar  to  that  for  the 
discharged  FeF3  electrode  in  the  conversion  state.  The  observed  dif¬ 
ferences  between  them  might  be  associated  with  the  additives  in 
the  electrode,  such  as  carbon  and  PTFE  binder.  Again,  the  generated 
Fe  metal  in  the  electrode  was  mainly  responsible  for  the  thermal 
behavior  of  discharged  FeF3  in  the  conversion  state. 

To  further  clarify  the  mechanism  of  the  reaction  between  Fe 
powder  and  electrolyte,  the  effect  of  LiPF6  on  the  thermal  behav¬ 
ior  of  Fe  powder  in  the  electrolyte  was  investigated  by  DSC.  Fig.  9 
shows  the  DSC  curve  of  a  mixture  of  0.3  mg  Fe  powder  and  1  pi 
of  EC  +  DMC  solvent,  together  with  that  of  a  mixture  of  0.3  mg  Fe 
powder  and  1  mg  LiPF6.  The  DSC  curves  of  0.3  mg  Fe  powder,  1  pi 
of  EC  +  DMC  solvent  and  1  mg  LiPF6  are  also  shown  as  a  reference 
in  Fig.  9.  When  1  mg  of  LiPF6  powder  was  heated  up  alone,  a  small 
endothermic  peak  was  observed  at  around  197  °C,  followed  by  the 
other  endothermic  peak  at  around  290  °C.  As  reported  by  Ravdel 
et  al.  [28],  the  first  peak  and  the  second  endothermic  peak  were 
attributed  to  the  melting  and  the  thermal  decomposition  of  LiPF6 
(LiPF6  (s)  LiF  (s)  +  PF5  (g)),  respectively.  On  the  other  hand,  when 
Fe  powder  together  with  LiPF6  was  sealed  in  a  pan,  an  exothermic 
peak  at  around  310  °C  was  observed  in  addition  to  the  other  two 
endothermic  peaks  at  around  1 97  and  290  °C  due  to  the  melting  and 
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thermal  decomposition  of  LiPF6,  respectively.  This  result  clearly 
indicated  that  Fe  powder  could  be  reacted  with  PF5  produced  by 
LiPF6  decomposition,  and  gave  exothermic  heat  at  around  310  °C. 
When  Fe  power  was  heated  up  in  EC  +  DMC  solvent,  negligible  small 
exothermic  heat  at  temperatures  above  380  °C  was  observed,  while 
no  exothermic  peak  was  visible  in  DSC  curve  of  EC  +  DMC  solvent. 
Obviously,  the  solvent  almost  had  no  effect  on  the  thermal  stability 
of  Fe  powder  in  electrolyte.  As  reported  by  Kawamura  et  al.  [29],  PF5 
in  the  LiPF6-based  electrolyte  may  attack  the  electron  lone  pair  of 
oxygen  of  a  solvent  molecule  and  then  decompose.  When  Fe  pow¬ 
der  was  heated  up  in  the  1  M  LiPF6/EC  +  DMC  electrolyte  (Fig.  7), 
PF5  in  the  electrolyte  was  consumed  by  the  reaction  with  Fe  pow¬ 
der.  As  a  result,  the  electrolyte  decomposition  was  suppressed  and 
the  decomposition  temperature  shifted  to  a  higher  temperature. 
Therefore,  the  heat  generation  of  Fe  powder  with  the  electrolyte 
was  smaller  than  the  electrolyte  alone  (Fig.  8),  due  to  the  reaction 
of  Fe  powder  with  PF5  in  the  electrolyte. 

4.  Conclusions 

To  identify  the  mechanism  of  exothermic  reactions  of  a  FeF3 
cathode  in  the  electrolyte,  the  structure  and  thermal  behavior  of 
cycled  FeF3  electrodes  were  studied  using  a  combination  of  XRD 
and  DSC.  The  combination  of  XRD  and  DSC  revealed  that  FeF3 
can  be  restored  and  the  electrochemical  was  reversible  even  after 
the  conversion  reaction.  In  the  discharged  electrodes,  a  structural 
transformation  to  LiFeF3  was  observed  after  the  1  Li  insertion,  and 
two  compounds  (Fe  metal  and  LiF)  were  formed  during  the  con¬ 
version  reaction.  Accordingly,  the  differences  of  thermal  behavior 
in  the  electrolyte  were  presented  in  the  DSC  curves.  On  the  other 


hand,  the  thermal  behavior  of  LiF  and  Fe  metal  in  the  electrolyte  was 
studied  by  DSC  separately.  It  was  clear  that  no  reaction  occurred 
between  LiF  and  electrolyte  even  at  elevated  temperatures.  In  con¬ 
trast,  Fe  powder  was  found  to  react  with  the  electrolyte  at  around 
300  °C,  indicating  that  Fe  metal  generated  in  the  electrode  at  the 
conversion  state  had  a  direct  effect  on  the  thermal  behavior  of  the 
discharged  FeF3  electrode.  In  addition,  Fe  powder  mixed  with  LiPF6 
was  studied  by  DSC,  and  Fe  powder  was  found  to  react  with  PF5 
produced  by  LiPF6  decomposition.  Therefore,  the  mixture  of  dis¬ 
charged  FeF3  electrode  and  electrolyte  showed  less  heat  generation 
than  the  electrolyte  alone  because  some  of  the  PF5  in  the  electrolyte 
was  consumed  by  the  generated  Fe  metal  in  the  electrode. 
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